Abstract--Organic diacid (oxalic and succinic) adsorption onto montmorillonite is feasible, but weak (-1 mg/g). The comparison of chemical and radiochemical determinations reveals that 80% of the acid in contact with the smectite is used to attack the clay lattice. The pH is the main parameter involved in adsorption, and fixation passes through a minimum for pH 6 to 7. Polyacrylate adsorption is also weak (-1.5 mg/g). It changes with the nature of the exchangeable cation of smectite. Its pH-dependence displays a pronounced maximum for a value corresponding to the pKa of the acidic functions (pH -6.8), and a minimum at about pH 8. On the assumption that a polyacrylate macromolecule is 100% hydrolyzed, it follows that the-COOH groups carried by 20% hydrolyzed polyacrylamide molecules (such as those used in the tertiary recovery of petroleum) contribute at the very most to 10% of the total adsorption onto clay. Fixation, therefore, involves predominantly protonation of the amide functions at the edge surfaces of the clay. The acidic functions play a minor role in the adsorption phenomenon in that they affect the length of the macromolecule. The extent of this contribution, however, is virtually impossible to estimate.
INTRODUCTION
The present work aims at a better understanding of the interaction and uptake mechanism of partly hydrolyzed polyacrylamides, used in the tertiary recovery of petroleum, by mineral substrata. Phyllosilicates, particularly swelling clays of the smectite group, are commonly encountered in crude oil deposits and display high specific surface area. Stutzmann and Siffert (1977) and Espinasse and Siffert (1979) found that acetamide fixation onto montmoriUonite under various conditions (pH, saline medium) occurs via two different types of adsorption: a weak adsorption resulting from hydrogen bonding and a stronger adsorption involving the protonation of amide groups on the edge surfaces of clay particles. These authors extrapolated the results achieved with acetamide molecules to the case of partly hydrolyzed polyacrylamides. The anionic polyelectrolyre is sorbed solely on the external surface of clay where organic molecules undergo protonation and are retained by ionic interaction. Charge transfer seemingly depends on the polarizing power of the exchangeable cation of the clay, and a linear relationship was found between the polarizing power of the cations and the quantity of material sorbed. The earlier study was conducted on the assumption that the acid functions carried by polymer molecules take no part in the mechanism of adsorption. The purpose of the present paper is to verify the contribution of acid functions to polyacrylamide adsorption by studying the mutual interactions among organic diacids, sodium polyacrylate, and smectites.
MATERIALS AND METHODS
A Greek montmorillonite, supplied by the CECA Corporation (France) under the name "KL," was treated with 0.5 N HC1, to remove iron-containing impurities. Purification and dispersion were then carried out by repeated leaching with a 1 N NaC1 solution. Finally, the sodic clay was washed to remove the residual salt, and the <2-/~m fraction was separated by sedimentation. The purified Na-montmorillonite has a cation exchange capacity of 90 meq/100 g, a basal spacing of 13.1/~, and the following anhydrous chemical composition: SiO2 = 57.55%, A120~ = 14.41%, Fe2Oa = 4.31%, MgO = 4.0%, TiO2 = 0.36%, CaO = 0.61%, Na20 = 1.67%, K20 = 0.63%. Differential thermal analysis shows endothermic peaks at about 150 ~ 650 ~ and 850~ To examine the effect of clays saturated with cations of different valencies, Ca-and Al-montmorillonites were prepared from sodic clay by leaching with 1 N solutions of calcium and aluminum chloride. Excess salt was removed by washing with water.
This study was performed by using C14-1abelled acids, tritiated polyacrylate, and ordinary non-tagged acids. Non-tagged acids supplied by the Prolabo Corporation (France) and polyacrylate supplied by the Seppic Corporation (France) were sorbed onto the Na-, Ca-, and Al-montmorillonite, by bringing 20 ml of aqueous acid or polymer solution into contact with 1 g of clay at room temperature for 24 hr. The clay was washed three times with distilled water and finally dried at 60~ (Stutzmann and Siffert, 1977) .
After contact with clay, the non-tagged acids were determined in the solution with 0.0t N NaOH in presence of phenolphthalein. Control acidic solutions and suspended clay alone were titrated similarly. Dissolved aluminum was determined colorimetrically by absorption of aluminum oxinate in chloroform at 389 nm, using a "SPILA" spectrophotometer manufactured by LERES. This technique, developed by Siffert (1962) , can detect 1/zg of AI 3+ in 50 ml of solution. The C14-tagged diacids, oxalic acid HOOC*-*COOH and succinic acid HOOC-*CH~-*CH2-COOH, used in this study, were supplied by the French Agency for Atomic Energy (C.E.A.) and are referred to as C.M.M. 236 and C.M.M. 211. Stars indicate the C 14 atoms. Each diacid sample had an activity of 100 /zCi. The labelled polyacrylate was prepared at the C.E.A. by carbon chain tritiation, according to Wiltzbach's method (1957) , of a sodium polyacrylate sample purified in the authors' laboratory. The activity of the modified sample was 1 mCi, after removal of non-reacted tritium.
Determinations with the labelled compounds were carried out using a Prias-type Packard programmable scintillation spectrophotometer. The samples were prepared by vigorous stirring of 50 mg clay in 2 ml water for 24 hr. The counting was performed after stabilizing the preceding suspension in gel form by adding 3 ml of "Instagel" scintillator.
ADSORPTION OF NON-LABELLED DIACIDS ONTO MONTMORILLONITE
A preliminary investigation of the adsorption of diacids onto montmorillonite was performed to determine the contribution of acid functions carried by partly hydrolyzed polyacrylamide molecules in the adsorption of these polymers by smectites. Until recently, most research workers disregarded a possible fixation of polyacrylamide involving acid functions onto aluminosilicates. In fact, it seemed unlikely that an anion or anionic group carrying a negative charge should be adsorbed by a clay particle which itself is negative. Actually, the adsorption is possible and depends, above all, on the dissociation of the acid group on the organic molecule and the charge carried by the mineral surface, both factors depending on the pH of the solution.
Generally, the suspended particles carry a negative charge for pH values above the isoelectric point and a positive charge for lower values. Thus, for a-A1203, the isoelectric point is at pH 8.4, and alumina displays a positive charge in acidic medium and a negative charge in alkaline medium (pH > 9). On the other hand, silica exhibits a steady negative charge for a broad pH range (pH > 2.5). Johansen and Buchanan (1957) showed that the isoelectric point of synthetic aluminosilicates varies as a function of the alumina content in the compound. The behavior of clays is completely different as separate alumina and silica sheets coexist in the same crystal. Although the clay particle always exhibits a negative overall charge, due to ionic substitutions, there are positive sites in acidic medium on the edge surface of the alumina sheet. The adsorption of organic acid molecules takes place on these sites (Sieskind and Siffert, 1972) .
For organic acid molecules, the charge is controlled by the dissociation of-COOH groups as a function of pH. The electrostatic repulsion with clay particles is enhanced in alkaline medium (formation of COOgroups). Bingham et al. (1965) thus showed that acetate adsorption onto montmolillonite is especially strong at low pH values.
Oxalic acid adsorption
The fixation of oxalic acid onto Na-and Ca-saturated montmorillonite was studied initially. Figure 1 represents the loss of acid in the solutions vs. the original concentration of the acid. These curves display two plateaus of acid consumption: one for an original concentration of -0.003 N, and another for a concentration of 0.01 N. With Ca-montmoriilonite a steep increase exists for the latter concentration.
The word "consumption" and not adsorption has been used, because the quantity plotted on the curves corresponds to the decrease in acid content of the solutions. In fact, the determination provides only the difference between acid concentration before and after the solution has been in contact with the clay. Whether the decrease in acid concentration results solely from fixation onto clay or consumption following attack and solubilization of the phyllosilicate structure (formation of soluble or insoluble salts, e.g., aluminum oxalate) is not known. The existence of two plateaus of consumption is not readily explained. The first one corresponds probably to "true adsorption," as mentioned below. For acid concentrations greater than 0.003 N, signifi- cant attack of the structure is likely to take place, accompanied by a whole sequence of more or less complicated reactions (soluble complex formation, precipitation, flocculation, etc.) (Osthaus, 1956; Huang and Keller, 1970 , 1971 . Under such conditions, the presence of the second plateau appears rather puzzling. It is evident from the curves in Figure 1 that acid consumption for Ca-montmorillonite is higher than for Na-montmorillonite. This is probably due to formation of insoluble calcium oxalate. In particular, the strong increase in acid consumption for an original concentration of about 0.01 N might result from extraction of the exchangeable cation, followed by precipitation of calcium oxalate. The quantity of acid consumed is relatively high and of the same order of magnitude as that reported by Stutzmann and Siffert (1977) for acetamide adsorption, i.e., 2.6 mg/g.
Succinic acid adsorption
The foregoing experiments were repeated using succinic acid and Na-, Ca-, and Al-saturated montmorillonites. Figure 2 shows that the curves exhibit two consumption plateaus, as in the case of oxalic acid, at about the same original concentrations (2-3 • 10 3 and 9-10 • 10 -3 N). The loss of succinic acid was greatest in the presence of Na-montmorillonite (6.3 mg/g); the order of magnitude is the same as for Ca-and Al-montmorillonite and approximates the value found for oxalic acid. Higher acid consumption with Na-montmorillonite might originate from better dispersion of this mineral, i.e., a larger surface would be available for adsorption and/or attack.
Determination of dissolved aluminum
To estimate what part of the acid "consumption" is due to possible salt formation produced by attack of the structure and release of elements, the aluminum content of the acid solutions was determined after contact for 24 hr (Figure 3) . The aluminum concentration of the solutions, known with a precision of _+ 2/zg/ml, displays two minima for each mineral. The minima and plateaus of adsorption or acid "consumption" are nearly identical, especially for Na-montmorillonite (Figure 4 ). This agreement is perplexing and may arise by the formation of insoluble complexes between the acid and the soluble forms of aluminum. For a given acid "consumption" (plateau), the quantity of dissolved aluminum passes through a minimum, a phenomenon that may be interpreted in terms of salt precipitation. The question is whether a "free" salt or a surface complex is concerned.
Adsorption onto alumina
Adsorption experiments were carried out with dispersed alumina, to verify the possibility of salt formation between succinic acid and A1 a+ cations (0.1 g alumina in 20 ml succinic acid solution). The curve shown in Figure 5 exhibits an adsorption plateau at about 11 mg/g, for a broad range of concentration. A second "consumption" plateau seems to exist for an acid concentration of 0.01 N. A minimum is observed around 0.006 N. Several salts and complexes may form, but the two plateaus suggest the presence of two surface complexes, similar to those encountered with clay, thus lending support to the concept of the formation of surface salts with AP + cations. 
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Succinic acid consumption after contact with ADSORPTION OF LABELLED D1ACIDS ONTO MONTMORILLONITE
If dilute solutions of oxalic or succinic acid are brought into contact with montmorillonite, their concentration falls below the original value (acidimetrical determination). At the same time, A13+ ions are abstracted from the structure and enter the solution. It is impossible to know whether the consumed acid has been fully or only partly fixed onto the clay. An X-ray powder diffraction investigation demonstrated that no adsorption occurs in the interlayer spacing of clay, which was found to be closed, after dehydration over P20~ for one month (d(001) = 9.9 ]~). Accordingly, adsorption only takes place externally (formation of surface complexes). Only direct determination of the fixed acid could provide a conclusive answer. For that reason labelled diacids were used in the subsequent part of the present study. This technique has the advantage of measuring the quantity actually adsorbed, not the overall acid "consumption," and also of being applicable to the determination of sodium polyacrylate.
The adsorption isotherms of tagged oxalic and succinic acids onto Na-montmorillonite shown in Figure  6 reveal that the quantities of acid actually fixed (direct determination on clay) are definitely lower (about 20%) than the values obtained by indirect measurement (Figure 1 and Figure 2) . As a result, 80% of the oxalic and succinic acids was apparently consumed by the attack on the phyUosilicate structure and the dissolution of certain structural elements. This reaction involves probably two stages: (1) migration of aluminum under the influence of protons present in the solution from the octahedral sheet into the interlayer spaces (Jackson, 1963) and (2) aluminum removal from the interlayer spaces by complexing anions (e.g., C2042-). These results are in good agreement with those of Robert and Karimi (1974) , who observed that the structure of trioctahedral micas is readily attacked by complexing organic agents, such as oxalic and succinic acids.
Sorption experiments of tagged oxalic acid onto Namontmorillonite vs. pH were also carried out. The pH values were varied between 5 and 9 by adding either Figure 6. Oxalic and succinic acid adsorption onto Na-montmorillonite:
HCI or NaOH to clay suspensions, measured after stirring to equilibrium for 24 hr, and plotted in Figure 7 . The results are arranged as a function of the original concentration of oxalic acid in the solution (g/liter). In fact, the shape of the curves changes when the concentration of acid exceeds 0.3 g/liter. At higher concentration, the curves display pH-dependent minima, whereas below 0.3 g/liter adsorption decreases smoothly as pH increases. The drop is significant when a pH value of -8 is attained. The pH dependence of the adsorption is difficult to interpret. In fact, the decrease in fixation following an increase of the pH can easily be accounted for by a more extensive dissociation of the -COOH groups on the one hand, and a decrease in surface positive charges on the mineral (adsorption sites) on the other. Nevertheless, for high concentrations, there is no satisfactory explanation of the increase in adsorption above pH 6-7. In alkaline medium, the exchangeable sodium available in the mineral is likely to take up a small quantity of acid, with the subsequent formation of an interlayer salt. However, salt intercalation has been observed only at substantially higher saline concentrations (Theng, 1974) . It is more probable that the increase in adsorption is due to the precipitation ofoxalate species becoming insoluble at high pH values (Kirk and Othmer, 1969) .
ADSORPTION OF LABELLED SODIUM POLYACRYLATE
Polyacrylate adsorption was studied on Na-, Ca-, and Al-rnontmorillonite at pH 7 (Figure 8 pH Figure 9 , Influence of the pH on polyacrylate adsorption onto Na-montrnorillonite.
in question was a homopolymer of the polyacrylamides used in tertiary oil recovery, i.e., it displayed the same hydrocarbon chain and molecular weight (M.W. = 6 x 106). In all cases the adsorption was found to be relatively weak (<1.5 mg/g). The quantity adsorbed increased when the AP+-clay was changed to a Ca2+-clay and then to a Na+-clay. Yet, the difference between the last two values decreased at high concentration.
Influence of the adsorption pH
Sodium polyacrylate at a concentration of 0.4 g/liter was adsorbed onto Na-montmorillonite at 20~ The isotherm of Figure 9 may be discussed in four parts: (l) at pH values below 6.2, the adsorption is very weak (-0.2 mg/g) and constant; (2) above pH 6.2, the adsorption increases rapidly and passes through a maximum (1 mg/g) at pH 6.8; (3) the adsorption decreases above pH 6.8 to a minimum (-0.2 rag/g) at pH 8; and (4) above pH 8, the adsorption increases sharply (> 1.5 rag/g). The behavior of polyacrylate above pH 6.8 is similar to that of oxalic acid at high concentrations.
Discussion of the results
The results achieved with labelled polyacrylate reveal a weak (< 1.5 rag/g) and especially pH-dependent adsorption. The curve of Figure 9 may possibly be interpreted on the assumption that chemical bonding to the clay substrate takes place in two stages:
In acidic medium, reaction (1) is displaced to the left, as there are virtually no -COO groups, which accounts for the low adsorption values observed. For pH values approaching the pKa of the acid functions (pH -6.8), reaction (1) is increasingly displaced to the right. The number of reactive carboxylic groups rises, thus enhancing the adsorption. If the pH exceeds the pK a of the acid, the dissociation shifts increasingly to the right (formation of RCOO-anions) , and the number of surface positive sites (of specific adsorption) decreases (the isoelectric point of alumina is at pH 8.4). The electrostatic repulsion between the -COO groups and the negative alumina surface brings about a decrease in adsorption.
The last stage, above pH 8, where the adsorption increases once again, is not readily interpreted. Adsorption is probably no longer the only phenomenon involved, as flocculation or polymer precipitation may take place. Dollimore and Horridge (1972) obtained similar results by studying the pH dependence of the sedimentation rate. According to these authors, the increase in flocculation efficiency might be explained on the assumption that the configuration of the polymer changes, thus promoting adsorption. This view is shared by Priesing (1962) . However, neither mechanism nor experimental evidence have been put forward. Finally, it is apparent that this hypothesis does not account for the identical behavior of oxalic acid under the same conditions. The phenomenon may possibly be related to the introduction of certain polymeric segments into the interlayer spaces of the clay, with resultant salt formation.
GENERAL CONCLUSIONS
Adsorption of oxalic and succinic acid onto montmorillonite is weak (-1 rag/g), and 80% of the acid is consumed through attack of the clay structure.
pH is the main factor affecting adsorption. Fixation passes through a maximum at pH 6 to 7.
Adsorption of sodium polyacrylate is also weak (-1.5 mg/g) and has a maximum at a pH corresponding to the pKa of the acid functions (-6.8 ) and a minimum at pH 8.
For a polyacrylate corresponding to completely by-drolyzed polyacrylamide (degree of hydrolysis = 100%), the adsorption is at the very most equal to 1.5 mg/g at pH 7. For a polyacrylamide with the same molecular weight (homopolymer), used in tertiary oil recovery and hydrolyzed to the extent of 20%, the maximum fixation through -COOH groups can not exceed 0.3 mg/g of clay. Experimentally, the adsorption of this same polyacrylamide reached 3 mg/g of Na-montmorillonite (Espinasse and Siffert, 1979) . The contribution of the acid functions carried by a molecule of partly hydrolyzed polyacrylamide to adsorption onto clays is, therefore, small (10%), and the hypothesis of Stutzmann and Siffert (1977) on the nonparticipation of acid groups in the adsorption of polyacrylamides is partly justified. However, it should be noticed that acid groups are involved indirectly in the adsorption phenomenon, by affecting the length, i.e., the" shape of the polyacrylamide molecule.
